Experimental study of the concentration field of discharge from a boat propeller by Situ, Rong et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Situ, Rong, Brown, Richard J., & Loberto, Anthony (2010) Experimental
study of the concentration field of discharge from a boat propeller. Envi-
ronmental Fluid Mechanics, 10(6), pp. 657-675.
This file was downloaded from: http://eprints.qut.edu.au/41965/
c© Copyright 2010 Springer
The original publication is available at SpringerLink
http://www.springerlink.com
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://dx.doi.org/10.1007/s10652-010-9190-z
1 
Experimental study of concentration field of 
discharge from a boat propeller 
Rong Situ*, Richard J. Brown, Anthony Loberto 
School of Engineering Systems, Queensland University of Technology, 2 George 
Street, Brisbane, Queensland 4000, Australia. 
Tel: +61-7-31382452 
Fax: +61-7-31388381 
Email: situ@qut.edu.au 
 
Abstract 
Two-stroke outboard boat engines using total loss lubrication deposit a significant proportion of 
their lubricant and fuel directly into the water. The purpose of this work is to document the 
velocity and concentration field characteristics of a submerged swirling water jet emanating from a 
propeller in order to provide information on its fundamental characteristics. The properties of the 
jet were examined far enough downstream to be relevant to the eventual modelling of the mixing 
problem. Measurements of the velocity and concentration field were performed in a turbulent jet 
generated by a model boat propeller (0.02 m diameter) operating at 1500 rpm and 3000 rpm in a 
weak co-flow of 0.04 m/s. The measurements were carried out in the Zone of Established Flow up 
to 50 propeller diameters downstream of the propeller, which was placed in a glass-walled flume 
0.4 m wide with a free surface depth of 0.15 m. The jet and scalar plume development were 
compared to that of a classical free round jet. Further, results pertaining to radial distribution, self-
similarity, standard deviation growth, maximum value decay and integral fluxes of velocity and 
concentration were presented and fitted with empirical correlations. Furthermore, propeller-
induced mixing and pollutant source concentration from a two-stroke engine were estimated 
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Abbreviations 
A, Area; 
C, concentration; 
C& , concentration emission rate; 
c, rms value of concentration profile; 
D, diameter; 
d, Depth of flow channel; 
F, concentration flux; 
Gx, axial flux of linear momentum; 
Gθ, axial flux of angular momentum; 
J, advance ratio; 
k, constant; 
kp, efflux velocity ratio for propeller; 
Lc, complete mixing length; 
m, constant; 
m& , mass flow rate; 
N, propeller speed; 
n, Manning coefficient; 
Q, volume flux; 
R, radius; 
S, swirl number; 
r, radial coordinate; 
rpm, round per minute; 
t, timescale; 
U, mean axial velocity; 
U*, friction velocity; 
Up, peripheral velocity of propeller; 
V, mean tangential velocity; 
U0, vessel forward speed; 
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W, work; 
w, Width of the flow channel; 
u, axial fluctuating velocity; 
x, axial coordinate; 
y, transverse coordinate; 
z, vertical coordinate; 
ZEF, Zone of Established Flow; 
ZFE, Zone of Flow Establishment; 
Greek symbols 
ε, eddy diffusivity; 
σ, standard deviation of Gaussian curve; 
ρ, fluid density; 
δ, vertical offset of Gaussian curve to centerline; 
Subscripts 
0, initial; 
a, ambient; 
c, complete mixing; 
H, hydraulic; 
m, maximum; 
p, propeller tip; 
r, relative; 
s, dye source; 
x, axial; 
θ, tangential; 
Symbol 
, time mean. 
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1. Introduction 
Boats and ships release approximately 1.0 million tonnes of oil into the 
marine environment worldwide each year [1]. In addition, significant quantities of 
unburned fuel, toxic combustion by-products and well over 14 million tonnes of 
antifouling agents (tri-butyl tin) are directly released into the water and dispersed 
by the vessels’ propeller annular. Such pollutants have been shown to impact 
directly the Australian coastline and marine ecosystems, including the Great 
Barrier Reef. Inland waterways, dams, and estuaries are even more critically 
affected by pollution from vessels because dispersion is drastically limited by 
weak background flows and small water volumes. In all situations, propellers 
create considerable turbulence, which thoroughly mixes pollutants and chemicals 
into the water.  
Figure 1 shows a schematic diagram of the dispersion of emissions in the 
propeller jet of a vessel. While there has been considerable research on propellers 
for ship propulsion, very little research has been done on the dispersing action of 
the propeller. Nevertheless, to estimate the effective contaminant concentrations 
emitted by vessels, it is of great importance to quantify flow field in the jet region. 
Turbulent jet flow issued from an orifice has been investigated for more 
than fifty years. Albertson [2] classified the jet diffusion into two zones: the Zone 
of Flow Establishment (ZFE), and the Zone of Established Flow (ZEF). The ZFE 
starts from the outlet of the orifice and ends where mixing with surrounding fluid 
reaches the centreline of the jet. In the follow-up ZEF, the cross-sectional mean 
axial velocity profiles exhibit a Gaussian normal distribution and dynamic self-
similarity. Furthermore, the velocity profile is independent of the details of the 
generating source of the jet [3]. Hence, this self-similarity can also be found in a 
swirling jet and an impeller jet. A swirling jet is characterised by the presence of 
the centrifugal effect that produces transverse and longitudinal pressure gradients. 
It is widely used in different technological processes and in engineering [4-6]. 
Propellers are extensively used for the propulsion of marine ships. The 
whole flow field encompassing both the hull and propeller wakes and their 
interaction is a sum of its parts and they combine in unique ways that render 
individual experiments of limited applicability. The whole flow contains a large 
number of widely varying parameters that can affect the results to such an extent 
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that fundamental understanding may be very difficult to discern. In order to 
understand these complex interactions one needs to begin with the fundamental 
study of the various parts and this can only be done in parametric isolation. The 
dominant mixing component of the flow is proposed to be the propeller and it is 
also the most easily controlled for the purposes of parametric classification and 
experiment.  
A few studies have been published where the dispersion of a scalar and 
floating waste were measured in the wake of actual working Navy ships. Katz et 
al. [7] made measurements in the wake of a Navy frigate of wake growth and 
dilution of fluorescein dye at 5 and 15 ship lengths behind the vessel at 8 and 
15 knots for each position. Hyman et al. [8] made similar measurements in the 
wake of an aircraft carrier at 10 ship lengths and 20 knots and proposed some 
simple equations to describe the dilution trend downstream of the vessel. Lewis 
[9] proposed a theoretical model based on the turbulence intensity, which gave 
insight into the effect of wake energy. Chou [10] studied the dispersion at near-
wake, far-wake, and long-term stages, and found that the dilution rate can be 
enhanced by the speed of the ship. 
Although many investigations have been attempted on full scale field test, 
few studies have been conducted to investigate the concentration field in the near 
section downstream of a propeller. The purpose of this paper is to document the 
velocity and concentration field characteristics of a water swirling jet, and to 
provide information on the fundamental characteristics of such a jet, far enough 
downstream so as to make it relevant to the eventual modelling of this mixing 
problem (i.e. the mixing of engine emissions with water). 
2. Experimental Facility and Procedures 
The experimental setup comprised a three-bladed propeller, powered by a 
variable speed electric motor with flexible cable transmission, held in space by an 
aerofoil-shaped frame where the long axis coincides with direction of flow. A 
schematic showing the major experimental spatial parameters can be seen in 
Figure 2. The source of the jet used in this experiment is a commercialised scale-
model boat propeller made of three brass blades. The propeller tip-diameter, Dp, 
was 20 mm. Dye (Methylene Blue) was released at a constant volume flow rate 
for each profile from two point locations, namely: i) upstream of the propeller by 
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4 mm along the centreline and 8 mm above the axis of rotation, ii) downstream, 
symmetric in the x-y plane with above. The internal diameter of the injection pipe 
was 1 mm. The flow of dye was constant maintained by a syringe pump driven 
from a feed screw running at a constant rotational speed. 
The tests were conducted in the closed loop flume at the Department of 
Mechanical Engineering at Kyoto University, Japan. The flume had dimensions of 
12m × 0.4m (w) × 0.2m (d). The water level and also the volume flow rate in the 
flume were controlled with a straight edged weir at the exit and a header tank. The 
water level was held constant for all experiments, at 150 mm. The Reynolds 
numbers for the jet flow in these experiments were 1.4 × 104 and 6.2 × 104 
respectively, corresponding to propeller speeds of 1500 and 3000 rpm. The 
ambient velocity and characteristic length for the flume is 0.04 m/s and 0.086 m 
respectively.  
Instantaneous stream-wise and vertical water velocities were 
simultaneously measured by using a two-colour laser-Doppler velocimeter (LDV, 
DANTEC 55X) [11]. The turbulent intensity and Reynolds stress were also 
measured. The maximum error in the alignment of the test rig was less than 
0.25%. The error in velocity measurements was mainly due to refractive index 
fluctuations, and was estimated to be 0.3%. The mean and fluctuations in the 
concentration were measured with a Komori concentration probe, held in place by 
an adjustable frame. The Komori probe has a frequency response of up to 100 Hz 
sampled at rate of 1 kHz. The average maximum variation in back to back mean 
concentration measurements across a vertical array of data was found to be around 
300% [11]. 
3. Experimental Results and Discussions 
In current study, velocity measurements were taken from 2.5Dp 
downstream and farther. This means that the jet flow was already established and 
measurements in the ZFE were not possible. It has been shown in experiments 
with similar experimental conditions that the mean velocity profiles for a 
propeller becomes self-similar between approximately 2Dp and 3Dp [3] and thus 
the measurements were taken in the ZEF. The practical outcome of this is that 
from this point further downstream the radial distribution of the mean axial 
velocity will take on the shape of a Gaussian profile [12]. 
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3.1 Radial Profile of Velocity and Concentration Distribution 
3.1.1 Radial Profile of the Mean Axial Velocity 
The full radial fields of mean axial velocity data are displayed for two 
propeller speeds N: 1500 rpm and 3000 rpm in Figure 3. The normalisation 
constant used here is the tangential tip velocity of the propeller, Up = 2πNRp. Each 
figure contains five series, representing different axial downstream locations from 
2.5Dp to 50Dp. Both parts of Figure 3 illustrate the tendency for a slight drift 
toward the free surface at both speeds. At x/Dp = 2.5, within the radial band of +/–
1Dp, there is some evidence of the local peak velocities from the blades still 
remaining with the peak velocities occurring either side of the centreline. Inside 
the ZFE, the axial velocity will vary with radial position along the blade. The 
position of maximum velocity coincides with the position of maximum thrust and 
this is taken to be located between 0.5R to 0.7R [3]. The results here appear to lie 
approximately in this zone, and they are similar to those described by Petersson et 
al. [6] where a three-bladed mixer operated in weak co-flow at 1800 rpm. His 
particular experiment showed a peak of 0.19 at about r/Rp = 0.5 (0.25Dp) at x/Dp = 
2, whereas here a peak of about 0.35 at around –0.5Dp from the axis at x/Dp = 2.5 
is observed. Both 1500 rpm and 3000 rpm results show very similar peak 
magnitudes and location and asymmetric pattern, with good internal consistency. 
Also, note the small areas of low amplitude negative velocity around y/Dp = –1.5 
to –3 at this close proximity to the propeller due to recirculation flow. 
Between x/Dp = 4 and x/Dp = 6 the peak normalised axial velocity was 
0.13–0.10 and the off-axis peak eroded away [6]. Figure 3(a) shows a centred 
peak of 0.25 at 1500 rpm, while Figure 3(b) shows a broad peak around 1.5 Dp 
wide (radial) with a magnitude of about 0.21 (both were at x/Dp = 5). At x/Dp = 
10, Figure 4(a) and Figure 4(b) both exhibit a peak of 0.17 while the result of 
Petersson et al. [6] was approximately 0.08. Their result at x/Dp = 12 is similar 
and those results cease at that point. At x/Dp = 20 both figures show similar peaks 
and distribution, although both are becoming less consistent by this stage. At x/Dp 
= 50, both jets are degraded badly and, interestingly, 3000 rpm has half the 
relative velocity of 1500 rpm.  
In general, the experiment with the small propeller showed relative 
velocities greater than 1.5 - 2.0 times of those of the three-bladed mixer of 
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Petersson et al. [6], possibly due to the blade profile variations and the emphasis 
on thrust versus mixing in the case of the smaller 20 mm propeller. 
3.1.2 Radial Profile of the Scalar Concentration 
The mean concentration field was recorded at five measuring stations, i.e., 
x/Dp = 2.0, 2.5, 5, 10, and 50, with the source upstream or downstream of the 
propeller. The upstream source experiments were conducted at both 1500 rpm and 
3000 rpm, while the downstream experiment was only conducted at propeller 
speed of 3000 rpm.  
The radial profile of the mean concentration, normalised with the source 
concentration C0, are plotted in Figure 4 for the three experimental conditions. 
Similar to the velocity profile at at x/Dp = 2.5, the concentration profile shows 
sharp centre-peak at the first measuring point, x/Dp = 2.0. As the flow develops, 
dye begins to dissipate along the radial direction and the peak concentration value 
decreases. At x/Dp = 50, the radial distribution profile is almost linear, with lower 
concentration at the free-surface and higher concentration at the bottom, which 
indicates that the effect of propeller diminishes and the dye distribution is 
controlled by dye density. Comparison between upstream release data in Figure 
4(a) and 4(b) sees higher dissipation rate at higher propeller speed, which is 
clearly shown at x/Dp = 10.0. On the other hand, the effect of dye release location 
is notable at x/Dp = 2.0, where downstream release in Figure 4(c) generate lower 
concentration. However, this difference is dampened along the axial direction.  
The RMS concentration values, i.e., the fluctuation of the scalar 
concentration, are plotted in Figure 5 for the three conditions. Similar to the mean 
concentration profile, the fluctuating concentration field also shows sharp peak 
close to release location, and propagates radically with the development of the 
swirling jet. 
3.1.3 Self-Similarity of the Radial Profiles 
The mean axial velocities shown in Figure 3 are normalised in Figure 6 
with the fitting Gaussian function expressed as 













 −
−=
2
m 2
1
exp
σ
δzUU
 (1) 
9 
where Um, δ, σ are local maximum mean axial velocity, radius, vertical offset, and 
standard deviation, respectively. The vertical offset is determined as the vertical 
position of the jet maximum velocity relative to the geometric centreline. Since 
the jet is fully developed into the ZEF by the first measuring position, the 
evidence of local maximum velocities along the blade vanished and the jet only 
displays a single maximum. Thus Um and δ can be both obtained. This equation is 
the same form of equation used by Brown and Bilger [13] for the study of reactive 
plumes in grid turbulence. In contrast to other forms, such as that used by 
Petersson [6], all the key parameters of magnitude, width, and position are stated 
explicitly and thus can be exclusively fitted to record physically meaningful 
statistics about the flow. 
Figure 6 shows that the data is self-similar at 1500 rpm for all measured 
locations from 2.5Dp to 50Dp. However, at 3000 rpm the 50Dp location failed to 
allow for a Gaussian profile to be fitted. At this condition the relative mean axial 
velocity was consistently half what it was at 1500 rpm, right across the whole 
radial distribution. Conversely, the relative mean tangential velocity at 50Dp was 
at least three-fold higher for the 3000 rpm case than for the 1500 rpm case and it 
was in the positive direction in the former while slightly negative in the latter. 
There is little correlation between the two results at this station although u´ and v´ 
show good agreement across both speeds. 
Similarly, the concentration data sets are collapsed using self-similarity as 
shown in Figure 7. The full suite of data is displayed in subsequent sections 
relating to the individual parametric trends of Cmax, δ and σ. Comparison between 
upstream release data, shown in Figure 7(a) and 7(b) indicated that the plume 
takes longer to establish self-similar behaviour at 3000 rpm. The data points at 
measuring stations closer to the source tend to fit less well to a best-fit Gaussian 
curve. On the other hand, the effect of dye release location can be found by 
examining Figure 7(b) and 7(c). The figures show that placing the scalar source 
upstream of the propeller would superimpose a more complex and varied mixing 
regime 
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3.2 Integral Concentration Development 
3.2.1 Standard Deviation Growth 
As explained in the introduction, the flow structure in the ZEF shows self-
similarity. The standard deviation of the fitted Gaussian function grows along the 
development of the swirling jet. Figure 8(a) displays the growth trend of the 
standard deviation of the water swirling jets for the current study and Petersson et 
al.’s study [6]. Both datasets displays linear growth with the axial direction. 
In Figure 8(a), the degree of swirling jet is described by a dimensionless 
swirl number, S, introduced [4] as 
x
θ
RG
GS = ,   (2) 
where R is the radius of the orifice or nozzle, 
UVdrrG
r
∫
∞
=
=
0
2
θ 2piρ ,   (3) 
drVUrG
r
∫
∞
=






−=
0
2
2
x 2
2piρ , (4) 
where ρ is fluid density. According to this definition, the swirl numbers for the 
current study are 0.23 for 1500 rpm and 0.33 for 3000 rpm, respectively. 
The standard deviation of the Gaussian distribution fitted to the radial 
profile of mean concentration data represents the average width of the plume 
distribution. Figure 8(b) shows the trend in growth of the standard deviation of the 
spread for all three experimental conditions on a log-log scale. The key 
observation from Figure 8(b) is that the rate of spread of the three test conditions 
appears to be near identical, although the downstream arrangement at 3000 rpm 
results in a steeper growth trend than upstream release. A power-law curve, with 
the form: 
871.0
pp
217.0








=
D
x
D
σ
  (5) 
was fitted to the growth trend of σ/Dp of all the test data.  The growth rate, i.e. 
0.871, is close to unity. In other words, the growth of standard deviation is close 
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to linear growth, which is a characteristic for velocity profile [6], as indicated in 
Figure 8(a). 
3.2.2 Maximum Velocity and Concentration Decay 
The mean axial velocity profile decays through time and space due to the 
destruction of kinetic energy by turbulence. The maximum velocity of the 
Gaussian profile at any downstream location is Um and one of the key criteria of 
interest is the rate at which it decays downstream. Figure 9(a) shows the trend in 
maximum velocity decay for both the current data and Petersson et al.’s [3, 6] 
data. Figure 9(a) shows that the decay gradient for the maximum velocity at 1500 
rpm is lower than that at 3000 rpm. So, the jet is dissipating more of its initial 
mean kinetic energy at the high propeller speed. In addition, Petersson et al. [3, 6] 
obtained a much lower maximum axial velocity than the current data, which is 
possibly due to the blade profile variations and the emphasis on thrust versus 
mixing in the case of the smaller 20 mm propeller. It is also reasonable to find that 
the decay rate in co-flow is lower than that in counter flow and no ambient flow. 
Two power-law correlations to fit the current datasets are given by: 
( ) 53.0ppm 588.0 −= DxUU , (6) 
( ) 80.0ppm 864.0 −= DxUU   (7) 
for 1500 and 3000 rpm, respectively. 
The rate of decay of the plume maximum Gaussian concentration, shown 
in Figure 9(b), is similar in general for all three experimental conditions which are 
expected given the similarities identified so far. The fitted power-law curve is 
given as 
63.0
p
4
0
m 10921.6
−
−

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

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

×=
D
x
C
C
,  (8) 
where Cm is the maximum concentration. Plume width seems to depend on the 
source condition, whereas the maximum mean Gaussian concentration seems 
dependent on velocity more than source conditions in similar fashion to that of 
mean Gaussian velocity. This decay slope of -0.63 is similar to the value of -0.61 
obtained by Katz et al. [7], and -0.552 by Chou [10] for far wake stage. 
12 
3.2.3 Volume and Concentration Flux Integral 
The volume flux, Q, was calculated by integrating the mean velocity 
profile at each downstream station. Q is defined by: 
∫
∞
=
=
0
2
r
rUdrQ pi , (9) 
and is normalised against the source momentum 
P
2
0 URQ pi= .  (10) 
The normalised volume fluxes for water jets display a growth trend along 
the axial distance up to x = 20Dp in Figure 10(a). Beyond that, the volume fluxes 
at x = 50Dp drop sharply due to two reasons. First, the self-similarity breaks down 
most downstream from the propeller, and the flow is more dependent on the 
ambient flow. Second, the walls of the flume are seemingly affecting the 
entrainment; this was also pointed out by Petersson et al. [3].  
In addition, Figure 10(a) shows that the normalised volume flux of the 
current data is about four times higher than those obtained by Petersson et al. [6]. 
This large difference is mostly due to the difference in the amplitudes of axial 
velocity. 
In the same way that the velocity field was integrated to calculate volume 
fluxes so too can this be calculated for a concentration flux, given as 
∫
∞
∞−
= rUCdrF pi , (11) 
where F is in the unit of ppm⋅m3/s. This integral flux trend is displayed in Figure 
10(b), normalised against the known source flux 
ss QCF .0= ,  (12) 
where Qs is dye source volume flux. Figure 10(b) appears that source location has 
a larger affect than propeller speed. The decay of mean Gaussian concentrations is 
dependent on velocity but the radial spreading was dependent on the source 
condition. The concentration flux should be affected to some extent by both of 
those phenomena because they collectively define the radial concentration profile 
that has been integrated here. However, at two different speeds, the two upstream 
source experiments exhibit a similar integral trend, decaying to 10 Dp then settling 
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at a normalised flux of unity; while the downstream sourced integral starts around 
unity and climbs toward 1.5 by 50 Dp. 
3.3 Comparison of Complete Mixing Length with and without 
Propeller 
The aim of this section is to compare the mixing exhibited in the propeller 
jet experiments to those that might be expected in the same channel without the 
mechanical mixing from the propeller. Turbulent diffusion occurs in an open 
channel due to wall shear effects and by this mechanism a point source scalar will 
diffuse to a completely mixed state with the water over some length. The addition 
of mechanical mixing from the propeller shortens the length required to achieve 
complete mixing [14].  
A stationary propeller in a smooth walled laboratory flume is a simple 
embodiment of the mixing caused by the passage of one small vessel in a narrow 
estuary. Although the real vessel wake would be expected to have a greater degree 
of mixing, since it is momentumless and the real estuary will also exhibit a higher 
rate of mixing due to higher wall roughness the following example is provided as 
a first pass estimate of this complicated system. 
A simple one-dimensional diffusion analysis will be conducted to calculate 
the complete mixing length in a straight channel that represents the stream-wise 
length required for a scalar to reach a state of homogeneous lateral concentration. 
In addition, the state of complete three-dimensional homogeneity can be 
calculated with a simple weighted average of volume flow rates. So the limiting 
minimum concentration and stream-wise length required are both easily 
established mathematically.  Following this, the actual concentration at longest 
distance measured downstream is compared to the limiting concentration and 
shown to be of a similar magnitude; indicating complete mixing occurs by 50Dp 
downstream. Therefore the complete mixing length and the 50Dp length can be 
compared to consider the difference in complete mixing lengths with and without 
the propeller in the open channel. 
In a steady flowing flume the velocity profile varies gently in both the 
vertical and transverse direction. The only influence coming from the frictional 
effect of the floor (vertical) and the walls (transverse). The conclusion from this 
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realisation is that such a flow spreads a scalar by turbulent diffusion that differs 
for each orthogonal direction but is constant along those respective axes. 
The depth averaged vertical eddy diffusivity is estimated by 
*
z 067.0 dU=ε ,   (13) 
while the lateral diffusivity of a laboratory flume is estimated by 
*134.0 dUy =ε ,   (14) 
where the wall friction velocity is given as 
6/1
00
* 1.3/ −≈= Ha RnUU ρτ . (15) 
In Eq. (15) the Manning coefficient is taken to be n = 0.01 for a planed, plank 
flume in good condition [15]; the hydraulic radius is calculated to be 85.7x10-3 m; 
and the average channel velocity is calculated as 
d
Udz
wd
Udzw
A
QU
dd
a
∫∫
===
00
0 ,   (16) 
Equation (14) provides a lower bound for a flow regime where floor 
generated turbulence is the main contributor to lateral diffusion. Both equations 
assume independence from the side wall effect with suitably large width to height 
ratios; with that for the latter specifically being w/d > 8 [16]. The flume used for 
the current experiments has dimensions w = 0.4 m and d = 0.15 m, giving 
w/d = 2.67 so one would expect some degree of influence on mixing from the 
walls, increasing both vertical and lateral eddy diffusivities compared with those 
subsequently calculated. 
With the basic open channel parameters calculated above, friction velocity 
was calculated to be u* = 0.107x10-3 m/s. The subsequent eddy diffusivities were 
zε =1.08×10
-6
 and yε = 2.15×10
-6
. If timescale can be approximated by t = l2/ε, 
then the ratio of lateral to vertical time scales can be estimated by 
( )( )yz
2
z
y
/
/
εε
dw
t
t
= .    (17) 
This comes to ty/tz = 14.2 which is relatively low compared to real environmental 
flows, further indicating that wall effects may play a role in mixing. Roberts and 
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Webster [16] give an example of a 30 m wide river that is 1 m deep with a 
timescale ratio of ty/tz = 90. So in the flume used in these experiments the lateral 
mixing can be expected to take approximately 14.2 times longer than the vertical 
mixing. 
In ultimate conclusion of this reasoning is to calculate either (a) the level 
of dilution expected over 1m downstream (50Dp) or (b) some length over which a 
known degree of dilution might occur. Roberts and Webster show that for a highly 
one-dimensional diffusion problem, in particular a vertical iso-velocity line source 
in a wide, open channel, that the fundamental mass transport equations can be 
solved [16]. Specifically, the length for the plume to reach the channel sides can 
be calculated as 
y
a wUx
ε32
2
0
1 = .   (18) 
And the length to achieve complete mixing is given as 
y
a
c
wUL
ε
2
01.0= .  (19) 
The equation for Lc, arises from the plot of distance versus concentration 
(both non-dimensional) where the trend exhibited indicates that although it would 
be expected that complete mixing would occur only after an infinite distance that 
in fact it varies from the completely mixed state by only five per cent when the 
non-dimensional distance exceeds 0.1 [16]. 
Using the values for U, w and εz yields mixing lengths of x1 = 88.4 m and 
Lc = 283 m respectively. The fully mixed concentration can be calculated by the 
ratio of volume flow rates of the scalar and medium (water), multiplied by the 
initial concentration of the scalar solution, 
wdU
QCC
0a
s0
c = .   (20) 
Although this may not precisely occur in practice it is at least a lower limit 
for scalar concentration in a fully mixed flow. The maximum downstream 
distance measured in these experiments was x = 1 m and at this measuring station 
the volume flow rate of the scalar was Qscalar = 10 mL/min and the concentration 
C0 = 25000 ppm. Substitution into Eq. (20) of the values above gives a 
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completely mixed concentration of Cc = 1.83 ppm. Thus if the floor generated 
turbulence in the open channel flow were the only mixing mechanism then it 
would take 283 m from the source to reach a concentration of 1.83 ppm. In 
contrast to this, with the propeller operating at 3000 rpm, the jet plume exhibits a 
minimum concentrations at x = 1 m about 0.70 ppm (upstream source) or 
0.46 ppm (downstream source) at the free surface. The scalar distribution at this 
downstream location was rather close to a straight line with a roughly linear trend 
between low concentrations at the free surface and maximum concentrations near 
the channel floor. So it seems that that the jet dispersed the scalar about 300 times 
faster (with respect to stream-wise distance) than the channel alone. 
3.4 Dilution Estimation for Actual Outboard Motor 
These scalar field results can be used to estimate the dispersion of liquid 
pollutants by a boat propeller. It is seen that the decay exponent for Cm/C0 varies 
around -0.63 in the range 2 < x/Dp < 50. This is lower than that for a plume of -1 
[13], but more than that typically obtained for a jet. However, in the range to x/Dp 
< 10 the exponent is considerably greater at -1.5, showing that the initial region 
has a greater decay of maximum concentration. It has been shown that a 
homogeneous turbulence field actually has three regions with different decay 
exponents [17]. The propeller wake is expected to decay to an approximately 
homogeneous velocity field in the far downstream region. The interpretation of 
the mixing regions in this flow has not yet been fully investigated.  
The overall conclusion from this initial study of the dispersion and mixing 
of dye by a propeller is that mixing is rapid giving a maximum reduction in 
maximum Gaussian concentration by a factor of about 7×10-5 after 50Dp. This is 
similar to the average result of 10-5 obtained by Katz et al. [7] behind a Navy 
vessel. The results from an actual vessel would be different because the incoming 
velocity to the propeller will be variable along the wake effects. However it is felt 
that these results can at least give an order of magnitude for the mixing processes 
involved.  
There were many more compounds emitted by outboard motors identified 
in a detailed study and the compounds benzene, toluene, ethyl benzene, xylenes 
and the C3 and C4 benzenes, all of which are Volatile Organic Compounds, were 
emitted at significantly higher rates than the others. C3 benzene was emitted at a 
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rate of around 7.3×106 µg/kWh at wide open throttle [1,18] and the ANZECC [19] 
trigger levels for benzene are 170 µg/L.  
It is now possible to estimate the expected source concentration level 
generated by an actual outboard motor in the units of µg/L of water displaced by 
the propeller. Using the C3 benzene result for mineral oil at 100 per cent throttle 
the emission rate, C& , is 2044 µg/kJ and then this can be scaled to work for any 
sized engine; a typical large outboard engine is 74 kW.  
First it is necessary to establish some fundamental relations that underpin 
the analysis. Taking the body of water as our fixed frame of reference it can be 
easily shown that the shaft-power delivered to the propeller, work, W, is 
dissipated via a linear momentum exchange with the water: 
0rUUmW &= .    (21) 
Next, it is necessary to establish the magnitude of the relative water 
velocity across the propeller plane, Ur and vessel forward speed, U0. The latter 
will vary across a range of vessel classes, depending on hull and propeller design 
at least. Since the issue here is engine-propeller interaction then it is appropriate to 
include meaningful parameters from each. The instantaneous advance coefficient, 
also called “advance ratio,” is a dimensionless number that is defined as: 
p
0
ND
UJ = .    (22)
 
This number varies over a reasonably small range for a given propeller-
vessel arrangement under steady operating conditions. A typical range might be 
J = 0.5 to 1.0. In this case J is taken as a typical value of 0.8. Therefore, if the 
operational speed of the propeller, N, is known along with the power, then a 
reasonable estimate of u0 is possible. Easily obtainable technical data from two-
stroke outboard engine manufactures indicates Dp = 0.3 m and N = 5000 rpm 
represents a typical propeller diameter and typical operating speed at full-load 
operation. Thus the vessel forward speed is estimated to be U0 = 20 m/s. 
The water is accelerated through the propeller to a relative velocity Ur, 
which is estimated by 
pPR NDkU pi= ,  (23) 
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where the constant kP accounts for the ratio between maximum centreline velocity 
and the tip speed in the ZFE. Current data, displayed in Figure 3 indicates kP is 
independent of N and fairly constant at around 0.3, which results in Ur = 23.6 m/s.  
Analysis of the fundamental parameters involved lead to an equation for 
the source concentration that depends on emission rate, engine work rate (power) 
and mass flow rate through the propeller 
mWCC &&=outbaord0, .  (24)
 
Inspection of this result reveals that the source concentration is proportional to the 
engine emission rate and work rate while it is inversely proportional to the mass 
flow rate. This makes sense, for as the mass flow of water reduces at a given work 
rate then each unit mass of water will entrain greater quantities of any scalar 
introduced.  
If Eqs. (21-23) are substituted into Eq. (24), the initial emission rate 
becomes 
CDJNKC &2p
2
Poutboard0, pi= . (25) 
Examination of the units involved reveals a result for Eq. (25) of µg/kgwater which 
is equivalent to µg/Lwater. Interestingly the resultant Eq. (25) shares a great deal of 
similarity with the maritime design dimensionless group of propeller thrust 
coefficient and also seems to indicate independence from engine work rate. The 
latter assertion would not be correct since while the mechanical units simplify to 
m
2/s2 or a product of velocities both are in essence a function of engine work rate. 
Using the values arrived at above, a source concentration of 9.47×103 µg/L 
is obtained for the water flow through the vessel propeller; a figure much greater 
than the trigger level. The dilution is then applied for the centreline of the 
propeller at x/Dp = 50 of 7x10-5 to obtain a final centreline concentration of 
0.0663 µg/L. This results suggests that one high powered recreational vessel with 
a two-stroke motor and a total loss lubrication system could leave a plume of 
engine emissions in its near wake that are far less than the environmental 
regulation threshold (170µg/L). However, this only represents one boat. A water 
course may have multiple vessel passages over some time and these may have an 
additive affect with regards to engine emission concentration. Besides, the half 
life of benzene is in the order of weeks. The half life of other compounds such as 
Polycyclic Aromatic Hydrocarbons is up to years and in these cases the 
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concentration in sediments may become significant. Since this fluid mechanics 
analysis is independent of the chemistry, similar dilution calculations could be 
performed with other pollutants if the engine emission-rate data is available. 
4. Conclusions 
Two-stroke outboard boat engines using total loss lubrication deposit a 
significant proportion of their lubricant and fuel directly into the water. Emissions 
of outboard motors are largely unaddressed in the literature and could be critical 
because the exhaust of most outboard engines is released below the water and 
mixed by the action of the propeller. The purpose of this work is to document the 
velocity field characteristics of a submerged swirling jet emanating from a 
propeller. The aim is to provide information on the fundamental characteristics of 
such a jet, far enough downstream that it is relevant to the eventual modelling of 
this mixing problem.  
Measurements of the velocity and concentration field were performed in a 
turbulent jet generated by a model boat propeller (0.02 m diameter) operating at 
1500 rpm and 3000 rpm in a weak co-flow of 0.04 m/s. The measurements were 
carried out in the ZEF up to 50 propeller diameters downstream of the propeller 
that was placed in a glass-walled flume, 0.4 m wide with a free surface depth of 
0.15 m. Results with respect to mean and fluctuating velocity/concentration 
distribution, maximum value decay, and standard deviation were all presented. 
Self-similarity of the mean axial velocity is preserved up to 20 propeller diameters 
from the propeller, where the self-similarity of the mean concentration is 
maintained up to 10Dp. The standard deviation of the fitting Gaussian profile of 
mean axial velocity shows linear growth along the axial distance, while that of the 
mean concentration has a growth rate close to linear rate. The decay of maximum 
axial velocities and concentration are also fitted with power law decay functions. 
Furthermore, the volume flux shows linear growth in near-weak locations while 
the concentration flux is mainly preserved for the current data. In addition, the 
diffusion analysis found that the propeller induced mixing exhibited a complete 
mixing length about 300 times shorter than for a flume alone. Finally, a simple 
equation was derived to estimate the pollutant source concentration in the 
propeller water jet for a given engine emission rate. Using this equation in 
conjunction with the experimental results, an estimate for benzene concentration, 
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fifty propeller diameters downstream of a 74 kW vessel were calculated to far less 
than the regulatory threshold for that chemical. 
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Captions of Figures 
Figure 1  Schematic of propeller wake plume from boat. 
Figure 2  Schematic diagram of experimental setup. 
Figure 3  Radial profile of mean axial velocity. 
Figure 4  Radial profile of mean concentration value. 
Figure 5  Radial profile of RMS concentration value. 
Figure 6  Self-similarity of the mean velocity profiles. (Solid line: Gaussian profile fitted 
to whole dataset). 
Figure 7  Self-similarity mean concentration profile. 
Figure 8  Axial decay of maximum mean velocity and concentration. 
Figure 9  Standard deviation of the mean velocity and concentration profiles. 
Figure 10 Development of  normalised volume and concentration flux 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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